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ABSTRACT
Recrystallization studies were made on vanadium metal of 
three commercial purities. Arc melted vanadium metal was cold 
worked by swaging step-wise to reductions of 30, 50 and 753»« 
Recrystallization temperatures as determined by Vickers hard­
ness and metallography were found to be from 600 to 1000°C, de 
pending upon the purity of the metal.
IX
INTRODUCTION
The advent of the atomic and missile era with stringent 
nuclear and temperature requirements gave impetus to research 
and development of many metals that heretofore were not considered 
commercial either because of production difficulties or because 
of low concentration of mineral deposits. Vanadium, because of 
its potential use as cladding material for reactor fuels and 
high melting point, 1900 t 20°C (1)*, has received much attention
in recent years.
Ductile vanadium was first produced as small fused globules 
in 1927 by Marden and Rich (2), and was until recent years th 
only available ductile vanadium for determination of physical 
properties.
In 1950, Gregory, Ulliendahl and Wroughton (3), McKechnia 
and Seybolt (h), and Kinzel (5) reported the production of duc­
tile vanadium. Gregory and co-workers produced ductile vanadium by 
calcium reduction of V205, and McKechnie and Seybolt by hot-wire 
reduction of vanadium iodide vapor. Kinzel did not state by 
what process vanadium was produced in his investigation.
In 1953, C. M..Brown (6) published the most complete descrip­
tion of the mechanical properties of vanadium to that date. Nash, 
Ogden, Durtschi and Campbell (7) reported the properties of iodide 
vanadium both in cold worked and annealed condition.
* The figures appearing in parenthesis pertain to the references
appended to this paper•
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A concise survey of vanadium technology, frcm ore to applica­
tion, has been presented by Dunn, Edlund and Griffin (8).
The success of these early investigators in obtaining ductile 
vanadium and the urgent need for metals with favorable high tempera­
ture and nuclear properties prompted additional research and develop­
ment of vanadium and vanadium alloys. The reader is referred to the 
bibliography appended to this paper for data pertinent to properties 
and particular alloy systems of vanadium.
Vanadium, like many of the new atomic-age metals, titanium, zir­
conium, hafnium, etc., is highly reactive and has to be melted in a 
protective atmosphere. Depending upon the interstitial content, vana­
dium can be cold worked. By holding time at temperature to a minimum 
it can be hot worked, but as the melting point of the oxide V2O5 is in 
the neighborhood of 675°C, if thin sections are to be formed or ex­
cessive scalping eliminated, it is necessary to provide a surface pro­
tection, by sheathing or flux coatings.
Knowledge and understanding of recrystallization and grain growth 
is essential in obtaining optimum properties of metals, for the as- 
fabricated properties are directly related to degree of recrystalli- 
zation and the final grain size.
The present knowledge of recrystallization has been well presen­
ted by Mehl (9) and Burke (10). Generally recrystallization as applied 
to metals is the process of nucleation and nucleus growth by which de­
formed grains are replaced by a new system of essentially perfect grains. 
The driving force for both nucleation and nucleus growth is supplied by 
the energy of distortion in the lattice.
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The recrystallization temperature is a function of many vari­
ables such as degree of deformation, heating time, purity of alloy, 
etc., and is meaningless unless the other conditions are specified.
The purpose of this investigation was to determine if vana­
dium of ccnanercial purity could be cold swaged from the arc melted 





The materials for this investigation were three commercial- 
purity vanadiums designated A, B and C. Analysis, as furnished by 
producers and as obtained on similarly processed vanadium determined 
by 0. S. Bureau of Mines, is shown in Table I.
TABLE I
COMPOSITION OF COMMERCIAL-PURITY VANADIUM
As-Produced
____________ Analysis vrt %4
C o2 n2 h 2
Vanadium A* - 0.12 0.005 0.004
Vanadium B 0.079 0.073 0.C49 0.002
Vanadium C 0.05 0.060 0.073 0.049
Arc Melted**
C o2 n2 h2
Vanadium A .03 0.45 0.02 0.0002
Vanadium B .09 0.06 0.07 0.0002
Vanadium C .06 0.07 0.08 0.0004
A 1/4 x 20 M sponge, producer; Magnesium KLektron Limited. 
B 1/4 x  20 M granules, producer; Varlacoid Chemical Co.
0 1/4 x 20 M  granules, producer; Electro Metallurgical Co.
* Typical Analysis
** As determined by U. S. Bureau of Mines.
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Preparation of Metal
Granules of vanadium B and C were compacted at 40,000 psi to 
produce a compact 1 l/2 inches in diameter by l/4 inch thick, weigh­
ing 50 grams each. Sponge of vanadium A was treated in the same 
manner. The high cost of vanadium, $70.00 to $110.00 per pound, 
necessitated keeping quantities of metal small.
The compacts were melted in a non-consumable tungsten electrode 
arc furnace designed and built at the United States Bureau of Mines 
Experimental Station, Boulder City, Nevada. The furnace consisted 
essentially of a water-cooled thoriated-tungsten electrode 3/32 inch 
in diameter, a water-cooled steel jacket and a copper melting plate.
The electrode is movable and current up to 400 amperes is supplied by 
a Westinghouse D.C. Arc Welder unit. The atmosphere was helium, puri­
fied by titanium getters melted prior to vanadium melting. During 
melting the furnace remained under slight positive pressure of helium. 
The compacts were double-melted into buttons at 300 amps and remelted 
twice to give a final "cigar-shaped" ingot approximately 4 inches long 
and 5/8 inch in diameter.
Cold Working and Annealing
The ingots were machined to 1/2 inch diameter rounds and initially 
cold worked to a 50$ reduction in area by swaging. They were then 
vacuum annealed 2 hours at 900°C.
The annealed rods were cold worked by swaging stage-wise to re­
ductions of 30, 50 and 75$, and sawed by hand into specimens 1/4 inch 
long.
Each degree of reduction was annealed in evacuated vycor tubes 
for 1 hour at temperatures of 200, 400, 500, 600, 700, 800, 900, and 
1000°C. Specimens of vanadium A were also annealed for 1 hour at 1100 
and 1200°C.
Specimens of vanadium C were given an isothermal anneal of 10,
20, 30, 40, 50 and 60 minutes at 700°C. All specimens were allowed 
to cool to room temperature after annealing, before vycor tubes were 
opened to the atmosphere.
Hardness
Hardness was measured on a Vickers Hardness Tester, using a 10 
Kilogram load and a 2/3 inch objective, on surfaces prepared for met­
allography. Data reported for hardness represents an average of three 
to five hardness impressions.
Metallography
The specimens were mounted in bakelite, then ground and polished 
in the following manner:
1. Rough grinding to flat surface on 120 grit wet belt Sander.
2. Hand grinding, wet, thru 240, 320, 400 and 600 papers.
3. 14 micron diamond on silk cloth lap.
4. 8 micron diamond on silk cloth lap.
5. 8 micron diamond on nylon lap.
6. 3 micron diamond on gamal cloth lap.
Before they were polished on the diamond wheels, and between each 
wheel, the specimens were given a light etch (2 parts H2O, 1 part 





Hardness of the three types of arc-melted vanadium were A-127 
VHN, B-176 VHN and C-202 VHN.
Hardness of the three materials after cold swaging and anneal­
ing are tabulated in Table II and shown graphically in Figures 1,
2 and 3.
TABLE II








As Swaged 247 251 254
200°C 254 260 266
400 °C 235 242 245
500°c
6oo°c 221 228 235
700 °c 213 218 228
800°C 210 222 228
900°C 210 219 224
1000°C 206 212 216
1100°C 207 215 216









165 173 185 198 202 210
170 — 197 210 213 221
181 187 192 201 206 215
165 170 — — — —
— — — 175 178 192
156 160 165 176 181 —
156 158 160 177 180 186
147 151 155 181 185 —
349 151 156 182 186 187
inT
a
For vanadium A (see Table II and Figure 1) the increase in hard­
ness upon increased cold work was slight. The hardness increase for 
the 200°C anneal is probably a low temperature aging phenomenon in 
which no precipitate was visible at low magnification. Softening 
began at 200°C, and maximum softening for ail reductions was reached 
at 1000°C.
There is an anomaly in the curve from 700 to 900°C, and as noted 
by other investigators (ll) is probably due to strain aging.
Metallographic recrystallization occurred between 900 and 1000°C, 
not beginning until softening was nearly complete. The temperature 
range of softening is lower and the recrystallization temperature 
is higher than that reported for vanadium by most investigators (see 
Table III) and is probably due to high ctxygen content of this vana­
dium. Addition of other elements to a pure metal, whether in solid 
solution or as undissolved impurities, generally raises the recrys­
tallization temperature (1A).
Vanadium B (see Table II and Figure 2) shows aging up to A00°C, 
rapid softening after A00°C and the strain age anomaly from 600 to 
800°C. Maximum softness was reached at 900°C and metallographic re- 
crystallization occurred between 700 and 900°C.
Vanadium C (see Table II and Figure 3) showed age hardening up 
to 200°C. Softening began at 200°C and the strain aging anomaly was 
not evident in this metal. Minimum hardness waB reached at 800°C for 
a reduction of 75$ and at 600°C for the lower reductions. Metallo­
graphic recrystallization occurred between 600 and 800°C.
TABLE III 9
Summary of Published Information 

















arc melted, cold 
rolled 90%
1 hr (850-900°C) c  = 0.130  
02 = 0.0A5 







c ■ 0.06  
02 a 0.07  
N2 a 0.10  H2 = 0.002
Arc melted, 
annealed 3 hours 
at 920°C, cold 
rolled 5, 10, 25, 
50 and 75*
Max. softening 
for any degree of 
reduction by an­
nealing 1 hour at
C = 0.077  o2 -  0.056  














The increase in hardness at higher annealing temperatures, while 
not of great magnitude, was real and may be due to solid solution 
hardening. No new phases were visible at high magnification (75QX).
The effect of time at annealing temperature on vanadium C, as 
shown in Figure 4, indicates that vanadium softens rapidly at temper­
atures near the recrystallization temperature. For vanadium C an­
nealed at 700°C, evidence of recrystallization appeared after 10 min­
utes and was complete in 60 minutes.
Figures 5, 6 and 7 show the arc melted microstructures of the 
three vanadiums. Vanadium A, Figure 5, shows a large-grain pure metal 
structure with no evidence of a second phase. Vanadium B, Figure 6, 
shows the presence of a second phase and a substructure within large 
as-melted grains. Vanadium C, Figure 7, shows evidence of a second
phase within large as-melted grains.
Figures 8, 9 and 10 show the microstructures of the cold swaged 
vanadium after a reduction of 5 #  from the arc melted and machined con­
dition. It can be noted that this reduction was not severe and evi­
dence of cold working is slight. The second phase present in vana­
dium B, Figure 9, appears more agglomerated and more evenly dispersed, 
while vanadium A, Figure 8, and vanadium C, Figure 10, show evidence 
of elongated grains.
The microstructuros of the three metals after a homogenization 
anneal of 2 hours at 90Q°C are shown in Figures 13., 12 and 13. Vana­
dium A, Figure 11, has the large-grained pure metal structure similar 
to that of the arc melted condition (see Figure 5). The second phase 
present in vanadium B, Figure 12, appears finer than that present in 
the swaged condition, while vanadium C, Figure 13, contains some small
grains and a fine precipitate within large grains.
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The large grain size resulting from the homogenization anneal 
(2 hours at 900°C) probably resulted from recrystallization and 
grain growth. A smaller grain size would have been preferred, how­
ever, the three metals were similar in grain size before final cold 
reductions•
As the structures obtained upon cold working and annealing 
were comparable, only those photomicrographs of vanadium A are pre­
sented to represent structures typical of the recrystallization pro­
cess.
Figures 14, 15 and 16 show the microstructures of the cold swaged 
vanadium rod at reductions of 30, 50 and 75$» The annealed structures 
are shown, at the corresponding reductions, in Figures 17, 18 and 19 
after a treatment of 1 hour at 600°C, in figures 20, 21 and 22 after 
1 hour at 800°C, in Figures 23, 24 and 25 after 1 hour at 1000°G, and 
in Figures 26, 27 and 28 after 1 hour at 1200°C.
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CONCLUSIONS
Cold swaging of arc-melted vanadium was possible for three 
types of commercial vanadiumc
The recrystallisation behavior of vanadium of this investi­
gation was not typical of a pur. metal. The temperature of soft­
ening vae equivalent for all reductions and both low and high temp­
erature aging phenomena were observed.
Vanadium hardens very slowly with cold work and begine to 
eoften at temperatures as low as 200°C. it highsr temperatures 
softening is complete within 10 minutes and rscrystallisatlon is
complete after 60 minuteso
The recrystallisation temperature for reductions of 30, 50 
snd 75* after 1 hour anneal was from 600 to 1000<>C for ths thrse 
type, of commercial-purity vanadium. The higher the impurity 



































TIME AT TEMPERATURE I HOUR

































t i m e  at  t e m p e r a t u r e  
e f f e c t  of a n n e a l i n g  t e m p e r a t u r e
COLD-SWAGED VANADIUM
I—HOUR






































1 0 0 0
t e m p e r a t u r e  °c
TIME AT TEMPERATURE-I HOUR


































TIME -  MINUTES
























Microstructures of Gcraaercial-Purity Vanadium, Arc Melted, 
Cold Swaged $0% and Annealed 900°C for 2 hours.

Fig. 17 75*Cold Swaged 3056
Fig. 19 _Cold Swaged 75#
Microst.ru ctureB of Vanadium A, Cold Swaged and Annealed 









g00°c for 1 hour.
Micrortructurea of Vanadium A, Cold Swaged and Annoalad
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Microstructures of Vanadium A, Cold Swaged and Annealed 
1000°C for 1 hour.
Fig. 26 75X Fig. 27 75X
Cold Swaged 30$ Cold Swaged 50$
Fig. 28 75i
Cold Swaged 75$
Microstructures of Vanadium A, Cold Swaged and Annealed
1200°C for 1 hour
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